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Abstract. Cyclostratigraphy is the subdiscipline of stratigraphy that deals with the identification,
characterization, correlation, and interpretation of cyclic variations in the stratigraphic record and,
in particular, with their application in geochronology by improving the accuracy and resolution of
time-stratigraphic frameworks. As such it uses astronomical cycles of known periodicities to date
and interpret the sedimentary record. The most important of these cycles are the Earth’s orbital
cycles of precession, obliquity, and eccentricity (Milankovitch cycles), which result from perturba-
tions of the Earth’s orbit and its rotational axis. They have periods ranging from 20 to 400 kyr, and
even up to millions of years. These cycles translate (via orbital-induced changes in insolation) into
climatic, oceanographic, sedimentary, and biological changes that are potentially recorded in the
sedimentary archives through geologic time. Many case studies have demonstrated that detailed
analysis of the sedimentary record (stacking patterns of beds, disconformities, facies changes, fluc-
tuations in biological composition, and/or changes in geochemical composition) enables identifica-
tion of these cycles with high confidence. Once the relationship between the sedimentary record and
the orbital forcing is established, an unprecedented high time resolution becomes available, provid-
ing a precise and accurate framework for the timing of Earth system processes. For the younger part
of the geologic past, astronomical time scales have been constructed by tuning cyclic palaeoclimatic
records to orbital and insolation target curves; these time scales are directly tied to the Present. In
addition, the astronomical tuning has been used to calibrate the 40Ar/39Ar dating method. In the 
older geologic past, “floating” astronomical time scales provide a high time resolution for strati-
graphic intervals, even if their radiometric age is subject to the error margins of the dating tech-
niques.
Because the term “sedimentary cycle” is used in many different ways by the geologic commu-
nity and does not always imply time significance, we propose using “astrocycle” once the cycle
periodicity has been demonstrated by a thorough cyclostratigraphic analysis.
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Introduction
In an effort to present the state of the art in stratigraphic classification, the International
Subcommission on Stratigraphic Classification (ISSC) of the International Commission
on Stratigraphy (ICS), a member of the International Union of Geological Sciences
(IUGS), publishes a series of articles on various stratigraphic concepts. This series is not
meant to be a revision but rather a complement to the International Stratigraphic Guide
(Hedberg 1976, Salvador 1994). In the case of cyclostratigraphy, a relatively young and
rapidly developing subdiscipline in stratigraphy, no recommendations or definitions are
offered in these guides. In the first edition of the Guide, “cyclothems” are mentioned
among “other informal lithostratigraphic units” (Hedberg 1976, p. 36). In the second edi-
tion of 1994, palaeoclimatic changes are listed under procedures for extending chrono-
stratigraphic units as a potential tool for correlating chronostratigraphic boundaries away
from the boundary stratotype, while carbonate and isotope cycles are mentioned in the
glossary under chemostratigraphy (Salvador 1994). The present contribution therefore
aims to summarize the concepts of cyclostratigraphy, to give some real world examples of
the application of this stratigraphic tool, to show the potential and caveats of the method,
and to propose a simple nomenclature.
Cyclostratigraphy uses astronomical cycles of known periodicities to interpret repet-
itive patterns in the sedimentary record. The basic principles of orbital forcing of Qua-
ternary glaciations were first published by Adhémar (1842) and Croll (1864, 1875) and
later refined by Milankovitch (1920, 1941). Gilbert (1895) was the first geologist to
apply cyclostratigraphic principles to the limestone-shale alternations in the Late Creta-
ceous Benton, Niobrara and Pierre groups in Colorado (U.S.A.), which he correctly
interpreted to be controlled by the precession cycle. He thus accurately determined the
duration of part of the Cretaceous just prior to the invention of radiometric dating. In
1910, de Geer calculated geological time by counting varves deposited in proglacial lakes
of Sweden, thus using the Earth’s yearly revolution around the sun as a time unit. The
stratigraphic cyclicity in the Eocene Green River Formation (Wyoming, U.S.A.) was
analysed by Bradley (1929) who identified sunspot cycles as well as the precessional
signal. Schwarzacher (1947) recognized a hierarchical rhythmicity in the Late Triassic
platform limestones of the Dachstein in Austria (“Lofer cycles”) and suggested a control
by the precession cycle and the short eccentricity cycle, a theme that Fischer took up
again in 1964. In the Pleistocene, oxygen isotopes have been used to trace ocean temper-
ature and ice volume changes and to establish a scale implicitly linked to orbital cycles
(e. g., Emiliani 1955, Shackleton & Opdyke 1973, Hays et al. 1976). A more detailed
summary of the history of cyclostratigraphy is given by Fischer et al. (2004).
The term “cyclostratigraphy” was probably first introduced at a meeting of the Global
Sedimentary Geology Program held in Perugia (Italy) and Digne (France) in 1988 (Fi-
scher et al. 1988). Cyclostratigraphy can now be defined as “the subdiscipline of strati-
graphy that deals with the identification, characterisation, correlation, and interpretation
of cyclic (periodic or nearly periodic) variations in the stratigraphic record and, in partic-
ular, with their application to geochronology by improving the accuracy and resolution
of time-stratigraphic frameworks” (Hilgen et al. 2004). Although cyclical or periodic
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processes cover the wide range from twice-daily tidal cycles to plate-tectonic movements
with recurrences of tens of millions of years (House 1995), the cycles most commonly
used in cyclostratigraphy are those caused by the perturbations in the Earth’s orbit and in
the inclination of its axis (Milankovitch cycles). Due to the numerous high-resolution
climate studies of the Late Pleistocene and the Holocene, increasing attention is now
being paid to cycles in the sub-Milankovitch band of the spectrum with periods of 1 to
15 kyr (e. g., Heinrich events and Dansgaard-Oeschger cycles) and to cycles that occur on
annual, decadal and centennial time scales. The analysis of cycles related to tides, to the
annual revolution of the Earth, or to sunspot activity can provide a very high time reso-
lution in sedimentary and ice core records. However, these higher frequency cycles are
rarely described from older time intervals and are rarely preserved over more than a few
thousand years. They are therefore not the focus of the present paper.
A glossary for commonly used astronomical, geological, and statistical terms is added
as an annex.
From astronomical cycles to the sedimentary record
The movement of the Earth around the Sun and the inclination of its axis are subject to
quasiperiodic perturbations caused by the gravitational pull of the Sun, the Moon, and the
planets. Today, the eccentricity of the ellipse of the Earth’s orbit varies with major peri-
ods of ~ 100 and ~ 400 kyr, and the obliquity of the Earth’s axis varies with a main period
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Fig. 1. Astronomical variables that control insolation on Earth (based on Pisias & Imbrie 1986).
of about 41 kyr and secondary periods of ~ 29 and ~ 54 kyr. The combination of the pre-
cession of the Earth axis (wobble) relative to the stars with a period of ~ 26 kyr (termed
astronomical precession) and the rotation of the ellipse of the Earth’s orbit in opposite
direction produces the precession of the equinoxes relative to perihelion and aphelion
(climatic precession) with main periodicities of around 19 and 23 kyr (Berger 1978,
Schwarzacher 1993; Fig. 1). Finally, very long-period orbital components (i. e., 1.2 myr
in obliquity and 2.4 myr in eccentricity; Hilgen et al. 2003) exist but they may be diffi-
cult to identify in the sedimentary record because they occur on longer (“tectonic”) time
scales, which are often dominated by tectonic processes overprinting the climatic signal.
Although the orbital changes are not truly cyclical but quasi-periodic, it is commonly
accepted by the geological community to speak of “orbital cycles” or of “Milankovitch
cycles”. Because the distance between Earth and Moon has gradually increased over geo-
logic time, the obliquity and precession cycles have been significantly shorter in the past
(Berger et al. 1989, 1992, but see also Williams 1991, 2000; Fig. 2). The eccentricity
cycles, however, have remained relatively stable. Although the solar system has a chaotic
behaviour (Laskar 1989), the calculated values are nevertheless precise enough to allow
for a detailed comparison with the stratigraphic record (Berger et al. 1992). The Earth’s
orbital parameters are calculated with the help of astronomical solutions for the Solar Sys-
tem, which also solve the Earth-Moon system. Following the first linearized solutions of
French astronomers such as Le Verrier, analytical solutions became increasingly accurate
by adding higher-order terms related to the disturbing planetary masses and to the plan-
etary eccentricities and inclinations (e. g., Berger 1977). The newest solutions of Varadi
(2003) and Laskar et al. (2004) are fully numerical in part to overcome the chaotic behav-
iour of the Solar System. The Varadi (2003) solution does not resolve the Earth-Moon
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Fig. 2. Change of periodicities of obliquity and precession cycles with geologic time (based on
Berger et al. 1989).
system and hence cannot be used to calculate precession and obliquity. The eccentricity
of both these solutions is almost identical and reliable over the last 40 million years.
The orbitally induced changes in the Earth-Sun distance and in the inclination of the
Earth’s axis result in changes in the insolation received by the Earth at the top of its atmo-
sphere, which translate into climate changes (Berger 1978, Schwarzacher 1993; Fig. 3).
Insolation changes influence the position of the atmospheric circulation cells and provoke
latitudinal shifting of climatic belts (Matthews & Perlmutter 1994). Climate then influ-
ences many parameters that, directly or indirectly, control sediment production, trans-
port, and accumulation (Fig. 4).
Atmospheric temperature and circulation changes translate into changes of water tem-
perature, oceanic circulation, and rainfall pattern. The activity of glaciers, rivers, and wind
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Fig. 3. Indices for eccentricity, obliquity, and precession for the last million years (adapted from
Schwarzacher 1993), and variability of insolation in function of latitude for the last 250 kyr
(adapted from Berger 1978).
as well as the vegetation cover control sediment production and transport from land to
ocean. Freshwater and nutrient input through rivers, evaporation, deep ocean or lake cir-
culation, and gas exchange between the water surface and atmosphere influence the water
chemistry. All these intimately linked factors eventually control the organic and inorganic
sediment production as well as the geochemical signatures. Depending on the sensitivity
of the sedimentary and biological systems, several of these parameters may be recorded
and thus indirectly reflect the orbital parameters. Some proxy records translate the astro-
nomical forcing in an almost perfect linear way (e. g., Ti/Al ratios in an Eastern Mediter-
ranean core monitor climatically controlled input of aeolian dust; Lourens et al. 2001).
However, considering the complexity of many sedimentary and biological systems, it can-
not be expected that the orbital cycles always translate one-to-one into the sedimentary
record.
A major controlling factor on sedimentary systems is eustatic sea level. During ice-
house periods, high-amplitude sea-level changes are created through the waxing and
waning of polar ice-sheets and mountain glaciers. The resulting sea-level changes are
strongly asymmetric because ice-sheets melt faster than they grow. This asymmetry is
well known from the oxygen-isotope proxy record of the Late Pleistocene (Hays et al.
1976). In greenhouse periods, the fluctuating volume of small mountain glaciers (Frakes
et al. 1992), thermal expansion and retraction of the uppermost layer of ocean water
(Gornitz et al. 1982), thermally-induced volume changes in deep-water circulation
(Schulz & Schäfer-Neth 1998), and/or water retention and release in lakes and
aquifers (Jacobs & Sahagian 1993) may contribute to low-amplitude sea-level changes.
Eustatic sea level, together with subsidence, controls accommodation. Consequently, a
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Fig. 4. Sketch illustrating the complexity of the atmospheric, oceanic, sedimentary, and biological
system that is influenced by orbitally induced insolation changes. Frequencies and amplitudes of the
different “cycles” vary strongly and may be out of phase.
sedimentary sequence created by an orbitally controlled sea-level fluctuation can poten-
tially be interpreted in terms of sequence stratigraphy (Vail et al. 1991, Strasser et al.
1999).
The challenge now is to analyse the sedimentary record and to search for signals that
reflect orbital control. If such a signal is detected, then a relatively precise time framework
can be established, within which rates of climatic, oceanographic, sedimentary, biological,
and diagenetic processes can be evaluated. This signal may consist of stacked deepening-
shallowing facies sequences such as seen on shallow platforms, of limestone-marl alter-
nations in the hemipelagic realm, of periodic faunal and floral changes, of repetitive geo-
chemical changes, or of a combination of such phenomena. It is clear that astronomical
climate forcing is most accurately recorded in depositional settings where the preserva-
tion potential is highest (deep marine basins, rapidly subsiding shelves, long-lasting deep
lakes). Its influence on turbidity currents, rivers, or alluvial fans remains to be investi-
gated. It is outside the scope of this paper to cite all publications that illustrate such cycli-
cal deposits. Case studies (as well as excellent introductions to the principles of cyclo-
stratigraphy) are given in Einsele et al. (1991), de Boer & Smith (1994), House & Gale
(1995), and d’Argenio et al. (2004).
Concepts and methodologies
In their quest for the absolute and accurate timing of pre-Quaternary Earth history,
geochronologists employ a multitude of methods that all have advantages and disadvan-
tages (e. g., Berggren et al. 1995). Among these methods, cyclostratigraphy holds a par-
ticular position. It is not based on the radioactive decay of isotopes measured in minerals
but uses astronomical cycles of known durations as clockwork. The prerequisite for the
application of this method is, of course, the recognition of patterns in the sedimentary
record that can confidently be linked to astronomical cycles. Such patterns include repet-
itive sedimentary, biological, and/or geochemical changes as proxies of repetitive process-
es in the geosphere-hydrosphere-biosphere-atmosphere system, which were themselves
controlled by orbitally induced insolation changes. In order to optimally extract repetitive
patterns from the sedimentary record, detailed logging of the studied sections or cores is
indispensable, and the sections or cores must be as complete as possible. Other tools have
to be chosen as a function of the type of sediment (e. g., microfacies, micropalaeontologi-
cal, grain-size, γ-ray, magnetic susceptibility, stable-isotope, trace-element, organic-mat-
ter, colour analyses).
Many studies have successfully demonstrated that orbital cycles are indeed recorded
and can be used to improve the timing of Earth history. Commonly, two methods are
combined to obtain a trustworthy result:
1. Independent time control is needed to constrain the time interval in which the cyclo-
stratigraphical study is conducted. This can be done by direct radiometric age dating,
or through biostratigraphy, chemostratigraphy, magnetostratigraphy, and/or sequence
stratigraphy calibrated to radiometric age dates. Even if the error margins are large, the
average duration of a sedimentary cycle can roughly be estimated and serve as a start-
ing point for further analysis.
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2. Analysis of the hierarchical stacking pattern. For Phanerozoic sediments it can be
assumed in a simplified way that the precession of the equinoxes corresponds to 20 kyr,
and the short and long eccentricity cycles to 100 and 400 kyr, respectively. These peri-
ods then give rise to a 1 :5 :20 ratio for which the stratigraphic record can be analysed.
For obliquity, and to a lesser extent also for precession, the periodicity has to be
selected based on the geological age of the studied sediments (Fig. 2).
For the cyclostratigraphic analysis of shallow carbonate platforms, “Fischer plots” are
sometimes employed (e. g., Read & Goldhammer 1988, Sadler 1994). The assumption
is that each sedimentary cycle has the same time duration, that subsidence was constant,
and that accommodation space was always filled up to the intertidal zone (the thickness
of one sedimentary cycle thus corresponds to the accommodation created during one 
sea-level fluctuation). The resulting curve serves as a proxy of relative sea-level changes
that might reflect an orbital signal. However, if the sediment does not fill in the available
space (“subtidal cycles” of Osleger 1991) and/or if compaction has varied according to
facies, Fischer plots will not be a reliable proxy of sea-level changes.
In order to test for the expected ratios between the orbital periodicities, time-series
analysis is commonly applied. The choice of the measured parameters and the sampling
density are crucial for such an analysis to be successful (Fischer et al. 2004). Stratigraphic
gaps have to be identified and accounted for. Lateral changes of bed thicknesses and facies
are common in shallow-water environments. In deeper-water environments, slumping,
sliding, and/or current activity may locally disturb the sedimentary record. Cyclostrati-
graphic analysis of one measured and sampled section therefore is not sufficient, and it is
necessary to study several laterally correlated sections and create a synthetic composite
section for time-series analysis.
A critical aspect of time-series analysis in cyclostratigraphy is the conversion of the
initial record from the depth domain into the time domain using age calibration points;
the latter may be derived from radiometrically dated ash layers or dated bio-events, or
from magnetostratigraphic calibration to the geomagnetic polarity time scale. Once the
time series is established, different techniques such as Fourier analyses, wavelet analysis,
or neural-net-aided detection can be employed to detect orbital periodicities (e. g., Bres-
cia et al. 1996, Weedon & Jenkyns 1999, Hinnov 2000, Preto et al. 2004, Zühlke 2004).
The classic way to detect frequency components in a time series is Fourier spectral analy-
sis. Fourier analysis is used to decompose a time series into a sum of sinusoids with
specific frequencies, amplitudes, and phases. The outcome of the Fourier analysis is usally
shown in the frequency domain in the form of a spectrum, which gives the distribution
of variance (power) of a time series as a function of frequency. The spectrum is of great
interest because many natural phenomena have variability that is frequency-dependent,
and understanding the frequency dependence may yield critical information about the
underlying mechanisms. One of the main drawbacks of Fourier-based spectral methods
is that the outcome is presented in the frequency domain (as a frequency spectrum) and
not in the time domain so that it is impossible to tell which spectral components (or
cycles) occur at which time in the time series. However, there are ways to circumvent this
short-coming in Fourier analysis, namely bandpass filtering and the application of Win-
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dowed Fourier Analysis, which results in an evolutive (or moving) spectrum. An alter-
native solution to the problem is to apply wavelet analysis because it gives information
both in the time and frequency domains as a time-frequency representation of the signal.
Note that spectral analysis can also be applied in the depth domain, giving the period of
cycles in meters and not in years. A comprehensive overview of time-series analysis
applied to cyclostratigraphy is presented by Weedon (2003).
Once a Milankovitch signal has been identified in the stratigraphic record and the
sedimentary, biological, or geochemical cycles have been attributed to specific orbital
cycles, an attempt can be made to reconstruct the astronomical forcing of climate change.
Moreover, for the younger part of the stratigraphic record, astronomical time scales can
be established by tuning the orbitally controlled proxy cycles to astronomical target
curves derived from astronomical solutions of the Solar System. Such time scales have an
unprecedented accuracy and resolution.
Three case studies are presented, each from a different area, with a different geologic age,
and from a different depositional setting.
Cenozoic case study: astronomical time scale for the Mediterranean Neogene
During the Neogene, the Mediterranean became a semi-enclosed basin due to the on-
going collision between Africa/Arabia and Europe. The basin was particularly sensitive to
record astronomically induced climate changes due to its land-locked character in combi-
nation with its latitudinal position between the (semi-)arid Sahara/Sahel belt to the south
and the area influenced by the Atlantic system (westerlies) to the north. The best known
sedimentary expression of these climate changes in the Mediterranean are sapropels.
Sapropels are dark coloured, commonly well-laminated beds enriched in organic matter,
which occur frequently in deep marine successions of Late Neogene age. Sapropels reveal
cyclic patterns on various scales, the cycle hierarchy reflecting the superimposed astro-
nomical climate forcing by the Earth’s orbital parameters of precession, obliquity, and ec-
centricity. Basin confinement played an important role because the oldest sapropels are
most likely linked to the final closure of the eastern gateway to the Indian Ocean around
14–15 Ma, while the Middle Miocene climate cooling (dated astronomically at 13.8 Ma;
oxygen isotope event Mi-3b) and associated glacio-eustatic sea-level lowering (Abels et al.
in press) may have played an additional role. The change in the lithological expression of
the sedimentary cycles in the latest Miocene provides another clue that basin configura-
tion is important: the normal marl-sapropel alternations are replaced by tripartite marl-
sapropel-diatomite cycles and finally by evaporite (gypsum) cycles in the course of the
Messinian Salinity Crisis, when the open-marine connection of the Mediterranean with the
adjacent Atlantic became severely disrupted (e. g., Krijgsman et al. 1999).
Individual sapropels and related carbonate-marl alternations represent the basic (ele-
mentary) units in the cycle hierarchy. These basic cycles usually occur in small-scale
clusters containing 4 to 6 basic cycles; the small-scale clusters in turn are grouped into
larger-scale clusters, which comprise 3 to 4 small-scale clusters. Finally, successive basic
cycles may reveal alternating thick-thin-thick patterns. Independent age control pro-
vided by oxygen-isotope chronology, magnetostratigraphy, and calcareous plankton
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biochronology all point to a precessional origin of the basic cycle. The small-scale and
large-scale clusters then correspond to the 100- and 400-kyr eccentricity cycles (Hilgen
1991), while alternating thin-thick cycles reflect the additional influence of obliquity or
more precisely precession-obliquity interference (Lourens et al. 1996). Such interfer-
ence patterns dominate the sapropel record every 2 to 2.5 myr, while the small-scale
clusters reflecting the 100-kyr eccentricity cycle are distinctly lacking at the same time.
The recurrence of these patterns corresponds to the influence of the very long-period
2.4 myr eccentricity cycle (Hilgen et al. 2003).
Phase relations between the sapropel cycles and the orbital parameters have been
established by examining the youngest sapropels of Late Pleistocene and Holocene age
that were recovered in numerous piston cores from the eastern Mediterranean (Hilgen
1991, Lourens et al. 1996). This comparison reveals that individual sapropels correspond
to precession minima when (boreal) summer solstice is reached in perihelion; small-scale
and large-scale sapropel clusters correspond to 100- and 400-kyr eccentricity maxima,
A. Strasser et al.84
Fig. 5. Comparison of the sapropel chronology of the last 0.5 million years in the Mediterranean
with the calculated time series for the changes in the Earth’s orbit, the inclination axis and the sum-
mer insolation for 65°N. This comparison reveals the phase relations between the sapropels and the
orbital parameters (modified after Hilgen 1991, Lourens et al. 1996). The length of core RC 9-181
is slightly more than 9 m.
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Fig. 6. Astronomical tuning of sapropels of late Miocene age in the Mediterranean (between 6.7
and 9.8 Ma) to the astronomical target curves using the phase relations determined in Figure 5 (mod-
ified after Hilgen et al. 1995). Following an initial magnetostratigraphic and biostratigraphic age
control, the tuning was established by correlating first the large-scale sapropel clusters – marked by
Roman numerals I to IX – to successive 400-kyr eccentricity maxima. Next small-scale sapropel
clusters were correlated to 100-kyr ecccentricity maxima and individual sapropels to precession min-
ima and summer insolation maxima.
respectively (Fig. 5). Finally, the thicker sapropels in the thick-thin-thick alternations cor-
respond to obliquity maxima. These phase relations were subsequently used to correlate
or tune older sapropels and carbonate cycles to the astronomical target curves of preces-
sion, obliquity and eccentricity, or of summer insolation (Figs. 6, 7). This tuning process
typically proceeds according to the following steps: (1) initial age constraints are provided
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Fig. 7. Comparison of intricate details in sapropel patterns related to precession-obliquity inter-
ference for the interval between 9 and 10 Ma in the Monte dei Corvi section (northern Italy) with
the 65°N summer insolation target curve of solution La93(1,1), i. e. with present-day values for
dynamical ellipticity and tidal dissipation. The comparison remains essentially the same for the new
La2004 solution. Arrows mark a perfect correspondence between relatively thick and distinct sapro-
pels and obliquity enhanced summer insolation maxima. Note that the sapropel patterns have been
checked in parallel sections elsewhere in the Mediterranean.
by an integrated stratigraphic approach (calcareous plankton biostratigraphy, magneto-
stratigraphy); (2) initial tuning is based on correlating the larger-scale cycles, i. e. the
sapropel clusters, to successive 400- and 100-kyr eccentricity maxima; and (3) final tuning
is based on correlating individual sapropels to successive precession minima or associated
summer insolation maxima.
The tuning of deep-marine sapropel-containing successions in the Mediterranean has
now been completed for the interval covering the last 14 million years. It provides very
precise and accurate ages not only for the sedimentary cycles but also for calcareous
plankton events and magnetic polarity reversals recorded in the tuned sections. The
tuning resulted in an astronomical time scale for the Mediterranean Late Neogene with
an unprecedented accuracy and resolution. This time scale includes a polarity reversal
history based on the astronomical ages for calibrated reversal boundaries (Fig. 8).
In fact, sapropels provide such an accurate and precise recording of astronomical cli-
mate forcing that they have been used to determine which astronomical solution is more
accurate from a cyclostratigraphic point of view (Hilgen et al. 1993). Moreover, cycle
patterns in climate proxy records have been used to determine exact values of tidal dissi-
pation and dynamical ellipticity (Lourens et al. 2001); these two parameters are included
in astronomical solutions of Laskar but cannot be calculated from the solution itself
because they depend on Earth processes such as glaciations. Finally, 40Ar/39Ar ages of ash
layers within tuned sapropel-bearing sections have been used to intercalibrate the inde-
pendent radiometric and astronomical dating methods and to establish an astronomical
age for mineral dating standards used in 40Ar/39Ar dating (Kuiper et al. 2004).
Despite their application in constructing high-resolution time scales, the climatic
processes leading to the deposition of sapropels are still not fully understood. Terrestrial
derived climate proxies such as chemical element ratios and clay minerals reveal clear dry-
wet oscillations with sapropels deposited during the humid phase of the climate cycle
(e. g., Wehausen & Brumsack 2000, Foucault & Melières 2000). Their formation is
often linked to intensification of the African monsoon (and related pluvials on the north-
ern African continent) due to enhanced summer heating at times of precession minima,
resulting in increased Nile outflow and reduced deep water formation as a consequence
of water column stratification, eventually leading to anoxic bottom waters. In fact, the
enhanced freshwater flux to the basin may even result in a reversal from anti-estuarine to
estuarine circulation. However, palaeoclimate studies and climate modelling of orbital
extremes suggest that regional precipitation changes in the northern borderlands and net
evaporation across the basin, which are mainly driven by the Atlantic winter system, may
be equally or even more important. Unfortunately, deep water formation itself is very dif-
ficult to model (Myers 2002, Tuenter 2004). In addition, it is still unclear to what extent
productivity changes contributed to sapropel formation. Increased productivity at times
of sapropel formation may have resulted from the higher nutrient flux to the basin,
enhanced winter mixing as a consequence of the increase in seasonal contrast (Lourens
et al. 1992), shoaling of the pycnocline into the photic zone (Rohling 1991), and/or a
reversal in circulation.
In the Mediterranean, continental successions have also been subjected to detailed
cyclostratigraphic analysis, including astronomical tuning. This holds in particular for
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Fig. 8. Comparison between 40Ar/39Ar and astronomical ages for ash layers in the Messâdit section
located on the Mediterranean side of Morocco. Astronomical tuning of the sedimentary cycles to
the summer insolation target is shown, with the tuning starting from astronomical ages for plank-
tonic foraminiferal bioevents exported from other sections in the Mediterranean (after van Assen
et al. 2004). Also shown is the calibration of the magnetostratigraphy to the Astronomical Polarity
Time Scale. Examples of cumulative 40Ar/39Ar age probability distribution curves and individual sin-
gle crystal sanidine age determinations are shown for three ash layers to the right of the polarity col-
umn. Grey curves show age distribution based on all individual single crystal measurements; black
solid curves show preferred age distribution excluding (older) outliers indicated by grey diamonds
that are considered reworked (contaminants). Finally the 40Ar/39Ar ages are compared with the
astronomical ages for the same ash layers (dashed lines).
cyclic lacustrine successions of Pliocene-Pleistocene age in Greece (Mommersteeg et al.
1995, van Vugt et al. 1998) and for distal alluvial fan to floodplain-lacustrine limestone
sequences of Miocene age in Spain (e. g., Abdul Aziz et al. 2003). The Miocene and
Pliocene studies reveal a dominant precession control on lake level, although – similar to
sapropels – an additional obliquity signal is found in Spain. Such studies allow detailed
cyclostratigraphic correlations between the marine and continental realms and the recon-
struction of the influence of astronomical climate forcing along marine to continental
environmental gradients (e. g., van Vugt et al. 1998; Tzedakis et al. 2003).
Apart from unravelling the climatic origin of the cyclicity, the tuned time scale com-
bined with a high-resolution integrated stratigraphic approach helped already solving
many fundamental problems in the Neogene, such as those related to the origin of the
Messinian salinity crisis (MSC) when huge amounts of evaporites were deposited in the
Mediterranean. Evidently, the onset of evaporite formation at 5.96 Ma occurred synchro-
nously in the western, central and eastern Mediterranean (Krijgsman et al. 1999). This
onset is not related to glacial cyclicity and associated glacio-eustatic sea-level lowering but
to tectonic closure of the gateway with a superimposed imprint of the 400-kyr eccentric-
ity cycle (Krijgsman et al. 2004). Similarly, the gypsum cycles in the Lower Evaporites
were not controlled by glacio-eustatic sea-level changes related to the dominantly obli-
quity-controlled glacial cyclicity but to dominantly precession-controlled changes in
regional climate. Finally, the end of the MSC marked by the Pliocene flooding of the
Mediterranean is not associated with a major deglaciation as previously thought (van der
Laan et al. 2006).
Mesozoic case study: platform to basin correlation in the Early Cretaceous
of the Jura Mountains
During the Berriasian, the area of today’s Swiss and French Jura Mountains was part of
the northern passive margin of the Tethys Ocean (Ziegler 1988). Palaeolatitude was
about 32 to 33° N (Dercourt et al. 2000). Carbonate productivity was high: in the plat-
form interior, shallow lagoons harboured abundant carbonate-producing organisms such
as green algae, bivalves, gastropods, ostracodes, foraminifera, and echinoderms. Microbes
produced oncoids. Coral patch reefs occurred sporadically. Ooid shoals developed mainly
on the platform margin. Extensive tidal flats formed when carbonate production filled in
accommodation space, and islands emerged when sea level dropped. Freshwater lakes
with charophytes appeared locally. Periodically, fine quartz sand and clays were washed
into this generally carbonate-dominated system. At the same time, in the Vocontian Basin
in France, limestone-marl alternations developed in a hemipelagic setting (Pasquier 1995,
Hillgärtner 1999).
Fourteen platform sections and 4 basinal sections have been logged, sampled, and
interpreted in great detail by Pasquier (1995) and Hillgärtner (1999). Facies analysis
was carried out to identify the depositional environments, and bedding surfaces were
analysed to estimate the relative duration of hiatuses (Hillgärtner 1998). In the plat-
form sections, facies evolution shows repetitive deepening-shallowing trends that define
elementary depositional sequences with thicknesses of a few tens of centimetres to a few
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Fig. 9. Stratigraphic logs from two selected platform sections in the French Jura and from one basin
section in the Vocontian Trough. Correlation, sequence-and cyclostratigraphic interpretation. For
explanation refer to text.
metres. They commonly form individual beds. The elementary sequences group into
small-scale sequences, which again display a general deepening-shallowing trend and have
thicknesses of a few metres. These sequences then build up medium-scale sequences,
which in turn form large-scale sequences of a few tens of metres of thickness. The stack-
ing of these sequences is hierarchical: between 2 and 6 elementary sequences build up a
small-scale sequence, and 4 small-scale sequences form a medium-scale one. Large-scale
sequences are bounded by prominent, regionally correlatable surfaces and comprise 2 to
4 medium-scale sequences. In the basinal sections, limestone-marl couplets are the ele-
mentary building blocks. On the average, five such couplets group into bundles that
display a thickening-up trend. Slumps locally disturb this regular pattern. For the purpose
of this paper, only one interval exposed in two platform sections and one basinal section
is illustrated as an example of stacking of sequences and of platform-to-basin correlation
(Fig. 9). A more complete documentation and analysis is given in Strasser et al. (2004).
In the basinal sections, the biostratigraphic framework is established by ammonites 
(Le Hegarat 1971). On the platform, Clavel et al. (1986) found some rare ammonites,
which imply that the Subalpina subzone is strongly condensed. The benthic foraminifer
Pavlovecina allobrogensis found in the studied sections (Fig. 9) can be attributed to the
Paramimounum subzone (Clavel et al. 1986). The charophyte-ostracode assemblage
M2/M3 belongs to the Subalpina subzone, while the M4 assemblage indicates the Pri-
vasensis and Dalmasi subzones (Détraz & Mojon 1989). Within this biostratigraphic
framework, the sections can now be interpreted in terms of sequence stratigraphy. On the
platform, the transgressive surface of the illustrated large-scale sequence leads from lacus-
trine marls to marine limestones. Maximum flooding is indicated by the thickest beds (sug-
gesting highest accommodation). The following sequence boundary is defined by birds-
eyes, circumgranular cracks, and karst. In the basin, a large-scale sequences boundary is
placed at the base of a series of relatively thick limestone beds at the boundary between the
Subalpina and Privasensis subzones. It can be correlated with sequence boundary Be4 of
Hardenbol et al. (1998), which has been recognized also in other European basins. Two
transgressive surfaces (TS1 and TS2, Fig. 9) are identified in the basin where there are rapid
changes from more limestone-dominated to more marl-dominated intervals. The con-
densed section is suggested by the most marly part of the large-scale sequence. The base
of a thick limestone bed below a slumped interval is interpreted to correspond to sequence
boundary Be5 of Hardenbol et al. (1998), situated in the Paramimounum subzone.
In the basinal section, 92 limestone beds grouped into 19 bundles are counted between
Be4 and Be5. According to Hardenbol et al. (1998), based on the radiometric dating 
by Gradstein et al. (1995), the time span between these sequence boundaries is about
1.7 myr (Fig. 10). The average durations of a limestone-marl couplet and of a bundle can
thus be estimated at 18 kyr and 89 kyr, respectively. These values and the systematic
bundling suggest that they correspond to the precession cycle of 20 kyr and to the short
eccentricity cycle of 100 kyr, respectively. The discrepancy between the average duration
calculated from the dated sedimentary record and the durations of the orbital cycles is 
not surprising, considering (1) that the radiometric ages have large error margins (e. g., 
the Tithonian-Berriasian boundary is dated at 144.2  2.6 Ma by Gradstein et al. 1995,
respectively 145.5  4.0 Ma by Gradstein et al. 2004), (2) that the sedimentary record
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may include hiatuses and/or autocyclically formed beds, and (3) that the age calibration
of the sequence stratigraphy of Hardenbol et al. (1998) is based on ammonite zones that
sometimes have ill-defined boundaries.
The rough biostratigraphic framework allows for the correlation of the large-scale
sequence (between sequence boundaries Be4 and Be5) from basin to platform (Fig. 9).
This correlation also suggests that one small-scale sequence on the platform is the equiv-
alent of a bundle in the basin and, consequently, formed in harmony with the short eccen-
tricity cycle. The small-scale sequences are generally well defined through facies and sur-
faces, but in some cases it is advantageous to introduce a sequence-boundary zone that
covers an interval of time where accommodation was low (Strasser et al. 1999). The
elementary sequences are often difficult to identify in the platform sections. Autocyclic
processes may be superimposed, sequences may be hidden if a sea-level change did not
create a facies contrast, or sequences may be missing through non-deposition or erosion
at the boundaries of small-scale sequences. Figure 11 illustrates the formation of hidden
sequence boundaries and of sequence-boundary zones. Where five elementary sequences
build up a small-scale sequence, it can be assumed that they correspond to the precession
cycle (Strasser et al. 2004).
Medium-scale sequences are difficult to identify in the sections shown in Fig. 9 but are
visible in many other sections studied by Pasquier (1995) and Hillgärtner (1999).
They commonly display an overall deepening-shallowing facies trend and consist of four
small-scale sequences. Consequently, they are attributed to the long eccentricity cycle of
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Fig. 10. Comparison of the sequence- and cyclostratigraphic interpretation according to Fig. 9, and
comparison with the sequence-chronostratigraphic chart of Hardenbol et al. (1998). For discus-
sion refer to text. SB: sequence boundary, TS: transgressive surface, MF: maximum flooding, CS:
condensed section, Be4 and Be5: sequence boundaries according to Hardenbol et al. (1998) with
ages in million years.
400 kyr. Large-scale sequences have prominent sequence boundaries and are composed of
several medium-scale sequences. They correspond to the third-order sequences of Vail
et al. (1991). In some cases their boundaries are tectonically enhanced, in other cases they
reflect multiples of the long eccentricity cycle (Strasser et al. 2000). Because of tectonic
overprinting, the very long orbital cycles (1.2 and 2.4 myr) could not be identified in the
present study. However, these cycles are supposedly present in other shallow carbonate
platforms successions (e. g., García et al. 1996).
From the combination of detailed sequence-stratigraphic and cyclostratigraphic analy-
sis it becomes possible to estimate the duration of the hiatus at the base of the platform
sections. The correlation with the basin suggests that it lasted 900 kyr. Also, it is interest-
ing to note that the platform started being flooded by marine waters while in the basin
typical lowstand conditions with the formation of thick limestone beds prevailed for
another 100 kyr (Fig. 9). The physical expression of condensation due to relatively fastest
sea-level rise appears in sequence 15 in the basin, while maximum accommodation on the
platform occurs in sequence 16. In the Chapeau de Gendarme section, the karst surface at
the top of sequence 17 must have lasted at least 100 kyr, during which time sequence 18
was deposited at Vuache. Furthermore, the durations of ammonite zones can be better
defined. While the cyclostratigraphically implied duration of the Dalmasi subzone is
consistent with the value given by Hardenbol et al. (1998), there is a large discrepancy
concerning the Privasensis subzone (Fig. 10). It would be important to study well-dated
sections from other basins and to discuss this point with biostratigraphers.
On the shallow platform, the main parameter for the formation of depositional
sequences was sea level, which was controlled by orbitally driven climate changes. The
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Fig. 11. Formation of hypothetical elementary and small-scale depositional sequences by two
superimposed frequencies of sea-level fluctuations in shallow-water carbonate systems. After emer-
sion, a certain lag time is needed before carbonate production starts up and sediment accumulates.
When sea-level drops below the sediment surface, erosion occurs for some time, then cementation
sets in, and the sediment surface is lowered by chemical dissolution. For simplification, the sedi-
mentary record is not compacted. Modified from Strasser et al. (2004).
high-frequency, low-amplitude sea-level cycles were probably more or less symmetrical
because they were controlled rather by thermal expansion of the ocean water than by
glacio-eustasy (Read 1995). Humid-dry climate cycles could have been responsible for
periodically increased input of clay minerals into the basin, and/or for periodic produc-
tivity changes of the calcareous plankton that makes up a large part of the carbonate
fraction in the limestone-marl couplets (Einsele & Ricken 1991, Pasquier & Strasser
1997, Pittet & Mattioli 2002). Sea-level changes had only an indirect influence on basin
sedimentation, for example by controlling the export of carbonate mud from the platform
to the basin (Pittet & Strasser 1998, Pittet & Mattioli 2002).
Palaeozoic case study: Pennsylvanian cycles in midcontinent North America
During late Middle and Late Pennsylvanian time (Desmoinesian, Missourian, and Vir-
gilian regional stages, closely equivalent, respectively, to late Moscovian, Kasimovian, and
Gzhelian global stages), the Midcontinent, Illinois, and Appalachian basins were slowly
subsiding across central and eastern U.S.A. in the tropical trade wind belt of that time.
These shallow basins were connected westward (currently southwestward) through
deeper narrow basins in central Oklahoma and west Texas to the Panthalassan/Protopa-
cific Ocean. At maximum sea-level lowstand during this time of widespread Gondwanan
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Fig. 12. General lithic facies developed in a major Late Pennsylvanian glacio-eustatic cyclothem
across region from Midcontinent through Illinois to Appalachian basins (low to high shelf) where
the unit is generally bounded by exposure surfaces (from Heckel 1994). Two minor cyclothems are
shown above and below the major cyclothem on the lower shelf. Basin shown to west is distant Mid-
land Basin of west Texas where marine deposition of anoxic shale facies was continuous through this
time.
glaciation, the Appalachian and Illinois basins and the northern three-quarters of the
Midcontinent Basin (Northern Midcontinent Shelf) were subaerially exposed, as indi-
cated by widespread exposure surfaces with palaeosols and terrestrial deposits. At maxi-
mum sea-level highstand, marine deposits sandwiched between the exposure surfaces
extended across all three basins. These deposits were dominated by shales with sandstones
and thin limestones in the Appalachian basin adjacent to the Appalachian orogenic belt,
by shales with some sandstones and slightly thicker limestones in the Illinois Basin, and
by thick limestones with thin shales on the Northern Midcontinent Shelf (Fig. 12). They
grade southward into a thicker succession of shale and sandstone in the foreland basins of
central Oklahoma as the limestones pinch out approaching the Ouachita orogenic belt.
The term “cyclothem” was introduced by Wanless & Weller (1932) for the trans-
gressive-regressive depositional units of this succession in the Illinois Basin, and it was
soon extended to the more complex units on the Northern Midcontinent Shelf by
R. C. Moore (see summary in Heckel 1984). These units were attributed to the waxing
and waning of Gondwanan glaciation by Wanless & Shepard (1936); additional support
for this interpretation was provided by Heckel (1986, 1994, 2002a), among others. The
empirical relative sea-level curve constructed from field and core data along the mid-
continent outcrop belt (Fig. 13) shows the succession of transgressions and regressions 
on various scales. Within this succession, Heckel (1986, 1994) classified individual cyclo-
thems along the Midcontinent outcrop belt as “major”, “intermediate”, and “minor”,
based on their relative scale as deduced from both their continuity along outcrop and the
deepest-water facies developed at the northern limit of outcrop in Iowa toward the
ancient cratonic shoreline.
Major cyclothems are characterized by a widespread conodont-rich black phosphatic
shale (the offshore or “core” shale) as the deepest-water facies, lying above a deepening-
upward transgressive limestone and below a shallowing-upward regressive limestone.
This black shale developed only during the most important flooding phases when anoxia
as well as sediment starvation developed on the sea bottom because surface circulation no
longer affected the bottom of the sea, and a quasi-estuarine circulation pattern with
upwelling developed as the trade winds moved the surface waters offshore. Intermediate
cyclothems contain only gray conodont-rich offshore shales or non-algal skeletal pack-
stones, which represent sediment starvation without anoxia in shallower water, yet which
was still deep enough for the unit to be continuous to the current northern limit of out-
crop. Minor cyclothems either extend only partway onto the shelf, or they represent
reversal of sea-level trends in the more major cyclothems (and thus are termed simply
“cycles”). The latter type corresponds to “parasequences” in sequence-stratigraphic
terminology (Van Wagoner et al. 1990). The former type typically lacks conspicuously
conodont-rich zones or other evidence of sediment starvation, whereas the latter type
contains conodont-rich zones where it brings sediment-starved facies above shallower-
water, sediment-diluted facies. Basinward, all disconformities disappear, and even major
cyclothem boundaries are marked by deeper-water conodont-rich, sediment-starved
facies lying upon shallower-water, conodont-poor facies.
At maximum flooding, the sea was continuous across the entire central and eastern
U.S.A. as shown by the great similarity of all marine faunas, particularly the conodonts,
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Fig. 13. Relative sea-level
curve for the mid-Desmoine-
sian through mid-Virgilian
succession showing all scales
of cyclothems, classified as
major, intermediate, or minor,
based on lateral extent from
Oklahoma foreland basin
onto the shelf and on deepest
water facies at the current
northern limit on the shelf.
Relative scale is denoted by
decreasing letter size of
names. Where present, off-
shore (core) shale names are in
parentheses (updated from
Heckel 1994).
which allow an accurate correlation of the major cyclothems (Fig. 14). Shelf direction is
shown by (1) the progressive loss of minor cyclothems from the foreland basin margin in
Oklahoma northward along the midcontinent outcrop belt, (2) the loss of many interme-
diate cyclothems eastward into the Illinois Basin, and (3) ultimately the loss of all inter-
mediate and some major cyclothems farther eastward in the Appalachian Basin, which at
this time appears to have been a high shelf adjacent to the orogenic belt. Most recently,
Heckel et al. (2005) have correlated the midcontinent cyclothems with those now rec-
ognized in the Moscow Basin on the Russian Platform and in the Donets Basin, using a
combination of cyclothem scale and conodont and fusuline faunas.
The empirical relative sea-level curve for the midcontinent shelf (Fig. 13) shows that
major cyclothems are spaced somewhat evenly throughout the succession, that most of
them overlie widespread exposure surfaces, and that most are overlain by one or more
intermediate or minor cycles following a regression of much less distance than the trans-
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Fig. 14. Correlation of major midcontinent cyclothems (longest horizontal lines with cyclothem
name above line followed by offshore shale name in parentheses) summarized from Figure 13, with
those in Illinois and Appalachian basins, based on succession of conodont faunas along with coal
correlations of Peppers (1996). Curve on right shows longer-term, probably tectonic relative subsi-
dence curve with ~ 2-myr period (updated from Heckel 1994).
gression preceding the major cyclothem. This pattern is somewhat similar to that seen in
the Pleistocene sea-level curve (e. g., Lorius et al. 1993): it reflects rapid meltdown of ice
sheets (transgression) followed by slower buildup of ice sheets (regression) with episodic
minor melting phases before reaching maximum sea-level lowstand.
There are as yet no discernable patterns of numerical groupings of 5 minor cycles that
could readily be related to precession groupings within short eccentricity cycles, or
groupings of 3 minor cycles that could be related to the ~ 32-kyr Pennsylvanian obliquity
cycles (Fig. 2) within short eccentricity cycles. However, as minor cycles are still being
discovered with continuing field and laboratory work, the data are not yet complete.
Where the data are more complete among the larger cyclothems, there seems to be no con-
sistent pattern of 4 intermediate cycles that could be related to short eccentricity group-
ings within long eccentricity cycles. Therefore, the empirical curve of Figure 13 appears
to represent an irregular integrated manifestation of the interaction of all the orbital para-
meters filtered through complex climate changes severe enough to result in build-up and
meltdown of large glacial ice sheets across large parts of the Gondwanan continent, which
was modulated through the positions of climatic zones relative to positions of land masses
and the resulting positions of ocean currents and temperature extremes. Thus, while an
intermediate cyclothem might represent the 100-kyr period of a short eccentricity cycle,
a major cyclothem may represent the positive feedback of two or possibly three of the
short eccentricity cycles within a long eccentricity cycle. Moreover, we might expect that
approximately 20 minor cycles controlled predominantly by precession might be nested
within a 400-kyr grouping controlled predominantly by the long eccentricity cycle.
To approach the problem of determining the major controls over Pennsylvanian cyclic-
ity, Heckel (1986) initially made a series of assumptions about the ranges of durations of
minor and intermediate cyclothems relative to major cyclothems and, using the poorly
constrained estimates of radiometric dating at that time, showed that the frequency of the
Pennsylvanian cyclothems had to fall within the general 20- to 400-kyr range of the orbital
parameters. More recently, Heckel (2002b) assumed the accuracy of three radiometric age
dates from the Appalachian succession that could be correlated approximately with the
midcontinent succession where the record of cycles is much more complete. He grouped
the Midcontinent cycles into presumed 400-kyr groupings that fit the three Appalachian
dates, which placed the Carboniferous-Permian (C-P) boundary at ~ 290 Ma, where Har-
land et al. (1990) had estimated it. This resulted in 45 presumed 400-kyr groupings, 17 of
which contained only minor and intermediate cyclothems, and 7 of which comprised only
a single major cyclothem. Later, Heckel (2003) used the 296-Ma age of the C-P bound-
ary estimated by Menning et al. (2000) and regrouped the midcontinent cycles into 30 pre-
sumed 400-kyr groupings, only 5 of which contained no major cyclothems, and only two
of which comprised a single major cyclothem. Then, Heckel (2004) assumed that the most
recent radiometric dates (close to 299 Ma, see below) were more accurate for the C-P
boundary and again regrouped the cycles into 26 presumed 400-kyr groupings, of which
only 3 in the late Virgilian succession contain no major cyclothems, none comprise only a
single major cyclothem, and more boundaries between groupings coincide with major
lowstands. Subsequently, Heckel reduced the assumed duration of the middle and late
Atokan (pre-Desmoinesian) section above the most accurate Appalachian date, and came
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even closer (298.6 Ma) to the more recent estimate (299  0.8 Ma) of Gradstein et al.
(2004) for the C-P boundary. The most recent U-Pb zircon dates from the marine suc-
cession in the southern Urals (Schmitz et al. 2005, V. Davydov, personal communication
2005) place the C-P boundary at 298.4 Ma, and a tuff bed near the current top of the
Moscovian at 305.4  0.2 Ma, which is about two presumed 400-kyr groupings below the
305 Ma cyclothem-calibrated date for the Desmoinesian-Missourian boundary (Fig. 15).
This near-correspondence of two dates from the Urals with the current 400-kyr midcon-
tinent cyclothem grouping shows that the calibration is becoming more accurate.
In the meantime, Algeo et al. (2004) identified 12 cycles of geochemical variation in
TOC, total S, and total P (among others) within the undisturbed black facies of the Hush-
puckney Shale of the major Swope cyclothem in Kansas, which contains only two other
field-identified minor cycles. This would bring the total number of minor cycles recog-
nized within this grouping to 14, much closer to the expected content of 20 minor pre-
cession cycles that might be expected within a 400-kyr grouping, most of them hidden in
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Fig. 15. Chart showing calibration of Middle-Late Pennsylvanian time scale by presumed 400-kyr
cyclothem groupings, using estimated dates of Gradstein et al. (2004), radiometric U-Pb zircon
dates from correlated sections in southern Urals (Schmitz et al. 2005, V. Davydov, personal com-
munication 2005), and an Appalachian Ar/Ar sanidine date of Kunk & Rice (1994). For discussion
see text.
the deep-water black shale facies on the lower shelf. Moreover, in the Appalachian Basin
in eastern Ohio, Nadon & Kelly (2004) discovered 5 minor cycles defined by minor
sequence boundaries and palaeosols on outcrop within the Ames marine interval, which
is correlated with the major Oread cyclothem in the Midcontinent. These high-shelf
cycles appear to represent minor cycles that are presumably also hidden in the offshore
condensed interval of the equivalent black Heebner Shale of the Oread cyclothem in the
Midcontinent. These studies show that at least some of the “missed beats” of Gold-
hammer et al. (1990) can be identified at particular elevations on the shelf where facies
were conspicuously affected by minor sea-level changes or where geochemical proxies
recorded the changes within the same general facies.
Potential and limitations of cyclostratigraphy
As demonstrated in the three case studies above, cyclostratigraphy has a great potential
to improve geologic time scales and to constrain palaeoclimatic processes that influenced
the oceanic, biological, and sedimentary systems. However, the correct cyclostratigraph-
ical interpretation of the sedimentary record may be hampered by several factors:
– Incompleteness of the stratigraphic record. Orbital cycles may not be recorded due 
to non-deposition or erosion. In addition, hiatuses may be associated with each indi-
vidual cycle, particularly so in shallow platform and shallow lake settings.
– Distortion of the original signal. The orbital signal may be distorted on its passage from
the top of the atmosphere to the depositional system to such a degree that it is diffi-
cult to identify or even cannot be recognized any more. This factor includes biotur-
bation and (early) diagenetic changes (Fischer et al. 1991), although the latter may
amplify the original signal as well. Changes in sedimentation rate related to amplitude
of the forcing will also distort the original signal by creating additional peaks in the
spectrum (Herbert 1994). Generally, non-linear responses within the climate system
to the initial forcing may create harmonics or combination tones with frequencies
different from those of the primary Milankovitch cycles (Riall 2004).
– Weakness of the initial forcing. The orbital signal may initially be too weak or too
attenuated to be recorded in the sedimentary system (“hidden cycles”). Typical exam-
ples are precession related cycles that were deposited at times of eccentricity minima
when the precession amplitude is strongly reduced.
– “Autocyclic” processes. Local or regional processes that occur within the sedimentary
system independent of orbital forcing may create similarly-looking facies patterns
even on similar time scales (e. g., Strasser 1991, Westphal et al. 2000, Burgess 2001).
Autocyclic processes do not only play a role in proximal sedimentary systems but
include the behaviour of ice caps and oceans as well.
– Climatic cycles with periodicities that differ from the “classical” Milankovitch cycles
may create similar repetitive changes recorded in the sedimentary system (e. g., “sub-
Milankovitch cycles”, Zühlke 2004). Such an alternative interpretation, corroborated
by U/Pb datings, lies at the base of the so-called “Latemar controversy” about the
origin of shallowing-upward carbonate sequences in the Triassic Latemar platform
(e. g., Hinnov & Goldhammer 1991, Brack et al. 1996).
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– Correlation between different regions and sedimentary environments. The correlation
of orbitally induced sedimentary cycles between different depositional environments
and from one palaeoclimatic zone to another may be difficult because each environ-
ment or zone records the orbital signal in a different way. Nevertheless, such correla-
tions have been established convincingly for Miocene to Pleistocene times (e. g.,
Hooghiemstra et al. 1993, van Vugt et al. 1998). Magnetostratigraphy often plays
an important role in such attempts by providing independent lines of correlation.
– Astronomical tuning. A disadvantage of astronomical tuning to establish palaeocli-
matic time series for time series analysis is that frequencies of the target curve are
automatically introduced in the time series (e. g., Shackleton et al. 1995). Neverthe-
less, tuning remains a very powerful tool to study phase relations between the initial
forcing and its recording in the sediments.
Despite these caveats, the cyclostratigraphic method has great potential. Major advantages
and applications are:
– Optimal time resolution. Cyclostratigraphy, especially in combination with other
stratigraphic disciplines, can be used to achieve the highest possible time resolution 
(20 kyr) for pre-Quaternary studies where the precision of other dating methods is
low. For example, high-resolution integrated stratigraphic (including cyclostrati-
graphic) correlations show that Messinian evaporites started at exactly the same time
in the western and eastern Mediterranean basin (5.96 Ma; Krijgsman et al. 1999).
Similar detailed correlations were used to demonstrate that the restoration of an open
marine connection between the Mediterranean and Atlantic and associated basal
Pliocene flooding of the Mediterranean, following the Messinian salinity crisis, is unre-
lated to any major deglaciation and, hence, to glacio-eustatic sea-level rise (Van der
Laan et al. 2006). Once the duration of a sedimentary cycle is defined, a very detailed
analysis of sedimentological, palaeoecological, or geochemical changes can be per-
formed, and rates of these changes can be evaluated (e. g., Strasser & Samankassou
2003, Amodio 2006, Vincent et al. 2006).
– Accurate astronomical time scales. Cyclostratigraphy permits to establish an anchored
astronomical time scale tied to the Present. Astronomical tuning now directly under-
lies the standard time scale for the Neogene (Naish et al. 1998, Lourens et al. 2004),
which is incorporated in the Geological Time Scale 2004 (Gradstein et al. 2004).
Remarkably enough, ages for the Pliocene-Pleistocene part of the new Neogene time
scale differ by less than 1 kyr from the tuned time scale of Lourens et al. (1996). This
astronomical time scale is now being extended into the Mesozoic mainly on the basis
of extra-Mediterranean (I)ODP successions (e. g., Pälike et al. 2001, Wade & Pälike
2004), although land-based marine sections in, e. g., Italy and Spain provide a fully
acceptable alternative (Dinaresturrell et al. 2003). Deeper in the geologic past,
“floating” astronomical time scales have been established which provide the astro-
nomical duration (but not the age) of an interval. In this way, a high time resolution is
obtained in an interval that displays orbital cyclicity, although its radiometric age
remains subject to the error margins of the dating methods (e. g., Strasser & Hill-
gärtner 1998, Kent & Olsen 1999, examples in d’Argenio et al. 2004).
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– Improved definition of Global Stratotype Sections and Points (GSSPs). An extra
requirement for the establishment of GSSPs (Remane et al. 1996) was added for the
definition of Neogene stage boundaries, namely that they are defined in astronomi-
cally tuned deep marine sections. The advantage of the Mediterranean is that all Late
Neogene stage boundaries as defined by their GSSPs are now defined in tuned sec-
tions; hence these GSSPs are directly linked to the standard geological time scale. Most
of these sections are demonstrably continuous and may be designated as unit-strato-
types for global stages in the future. Thereby, the 400-kyr cycle may specifically be
defined as formal chronozone, i. e. as a non-hierarchical chronostratigraphic unit of
lower rank (Hilgen et al. 2005).
– Astronomical climate forcing. Cyclostratigraphic analysis helps to understand how the
climate system responded to astronomical forcing under different palaeogeographic
settings in the past. Changes in ocean circulation can be monitored for example to see
if a high-latitude obliquity signal is recorded in low latitude basins where otherwise
the precession cycle predominates (Lourens et al. 1992, Giraud et al. 1995). The
results of these studies can be compared to the outcome of climate modelling experi-
ments of orbital extremes and may be extrapolated to help understand and predict
future climate change. The latter is especially important because the primary cycles
may give rise to much shorter cycles through non-linear interactions in the climate
system (Riall 2004).
– Link to sequence stratigraphy. Of particular interest is the connection between the
long-period astronomical cycles of eccentricity (0.4 and 2.4 myr) and obliquity
(1.2 myr) and third-order sequences in sequence stratigraphy (e. g., García et al. 1996,
Strasser et al. 2000, Gale et al. 2002, Matthews & Frohlich 2002). This combi-
nation has great potential to improve the regional and inter-regional correlation of
sequences and may contribute to the debate about the global synchrony of eustatic 
sea-level changes (Miall & Miall 2001). There is also a potential to refine the time
frame of sequence-stratigraphic continent-to-basin correlations by cyclostratigraphic
analysis of the intervals between sequence boundaries and maximum-flooding surfaces
(e. g., Montañez & Osleger 1993, Pasquier & Strasser 1997).
– Intercalibration with radiometric dating methods. Comparison and intercalibration
with independent radio-isotopic dating methods is fundamentally important. For
example, new radiometric age dating recently challenged the up to then widely
accepted cyclostratigraphical interpretation of the Middle Triassic Latemar platform in
Italy (e. g., Goldhammer et al. 1987, Hinnov & Goldhammer 1991, Brack et al.
1996, Egenhoff et al. 1999, Zühlke 2004). At the Tortonian GSSP at Monte dei Corvi
(Italy), however, new 40Ar/39Ar ages essentially confirm the cyclostratigraphic dating
(Kuiper et al. 2005). Nevertheless, a detailed comparison of the astronomical and
40Ar/39Ar ages reveals a rather consistent offset of ~ 0.8%, the astronomical ages being
older (Kuiper 2003). This study provides an astronomical age for mineral dating stan-
dards and opens the possibility for the introduction of an astronomically dated stan-
dard in 40Ar/39Ar dating. An accurate and precise intercalibration is especially impor-
tant by providing tight constraints for the astronomical tuning when it is extended into 
the Mesozoic.
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– Link to biostratigraphy and biochronology. The integrated stratigraphic approach,
including cyclostratigraphy and astronomical tuning, allows us to evaluate for the first
time the synchronous or diachronous nature of biohorizons across and between basins
in great detail (e. g., Hilgen et al. 2000, Lirer & Iaccarino 2005, Heckel et al. 2005),
which of course has important implications for biostratigraphic correlation.
Recommendations for cyclostratigraphic nomenclature
Stratigraphic nomenclature should be precise yet practical in order to be useful to the
scientific community. Unfortunately, a multitude of terms exists in the literature, which
describe repetitive patterns in the sedimentary record: cycles, cyclothems, rhythms,
periodites, sequences, parasequences, etc. Elementary or basic units may be hierarchically
stacked and grouped into bundles, clusters, or sequences of different orders. Some stud-
ies use the above terms in a purely descriptive way, while others imply a time-significance
and thus involve cyclostratigraphy. Concerning cyclostratigraphy, Hilgen et al. (2004)
proposed the following definitions to clarify the cyclostratigraphic concept and define its
terminology:
Cyclostratigraphy. The subdiscipline of stratigraphy that deals with the identification,
characterization, correlation, and interpretation of cyclic (periodic or quasi-periodic)
variations in the stratigraphic record and, in particular, with their application in geochro-
nology by improving the accuracy and resolution of time-stratigraphic frameworks.
Sedimentary cycle (as used in cyclostratigraphy). One succession of lithofacies that
repeats itself many times in the sedimentary record and that is, or is inferred to be, causally
linked to an oscillating system and, as a consequence, is (nearly) periodic and has time sig-
nificance.
Astronomical tuning. The correlation or tuning of sedimentary cycles or cyclic varia-
tions in climate proxy records to astronomical target curves of precession, obliquity
and/or eccentricity, or to related insolation curves.
Astronomical time scale (ATS). A geological time scale with absolute ages derived from
the calibration of sedimentary cycles and other cyclic variations in sedimentary succes-
sions to astronomical time series.
Astrocycle. While “cyclostratigraphy” and “astronomical time scale” are straightfor-
ward definitions, the term “sedimentary cycle” is not an ideal choice. This term is used 
in many different ways in sedimentology and sequence stratigraphy and is first of all
descriptive. The time significance of a sedimentary cycle and, consequently, its use for
cyclostratigraphy and astrochronology can only be determined after detailed analyses.
For example, an elementary cycle recognized in one system or in one stratigraphic inter-
val may correspond to the 20-kyr precession cycle, while an elementary cycle elsewhere
represents the 100-kyr eccentricity cycle because the facies contrasts are not strong
enough to resolve cycles with a shorter period. As an alternative, we propose “astrocycle”
as an unequivocal term that exclusively designates orbital-induced sedimentary or geo-
chemical cycles.
Cyclothem. This term was specifically introduced by Wanless & Weller (1932,
p. 1003) “. . . to designate a series of beds deposited during a single sedimentary cycle of
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the type that prevailed during the Pennsylvanian period.” Because the authors recognized
this unit as a product of marine transgression and regression with erosional disconformi-
ties at the lower and upper boundaries, and because Wanless & Shepard (1936) inter-
preted these depositional units as resulting from glacial eustasy, this term should be
applied mainly to the shelf manifestation of a transgressive-regressive unit or stratigraphic
sequence that resulted from glacial eustasy (see also glossary).
Conclusions
Cyclostratigraphy is a stratigraphic method that analyses the sedimentary record and
identifies patterns of repetitive changes, which above all can be attributed to the orbital
parameters of the Earth. If it can be demonstrated – through independently dated tie
points and time series analysis – that the observed changes are indeed related to the orbital
cycles, then a time frame can be established that has a resolution of 20 to 100 kyr. In pre-
Quaternary stratigraphic series, this is much more precise than the resolution achieved 
by other geochronological methods. Such astronomical time scales can then be used to
improve the definition of GSSPs, to refine stratigraphic correlations, and to estimate rates
of palaeoclimatic, palaeoceanographic, sedimentary, biological, and diagenetic processes.
However, because the translation of orbital cycles into the sedimentary record passes
through various and complex feed-back loops, it cannot be expected that cyclostrati-
graphical analysis is an easy task. It is especially important to have a good understanding
of the depositional environment where the cyclical record formed.
In order to clearly distinguish between sedimentary cycles that are purely descriptive
and those that can be used for astrochronology, we propose the term “astrocycle” for
cycles with an established time significance.
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Glossary
Astronomy
Aphelion: point on the Earth’s (but also a planet’s or comet’s) orbit farthest away from the Sun.
Astronomical solution: analytical or numerical solution of the Solar System, which takes the Sun,
Moon, Earth and other planets into account to calculate past variations in the Earth’s orbital
parameters and, hence, insolation.
Cardinal points: The summer and winter solstices and vernal and autumnal equinoxes. Together the
cardinal points define the four seasons.
Earth’s orbital parameters: the three parameters of eccentricity, obliquity and precession, which
define the shape of the Earth’s orbit (eccentricity) and the orientation and inclination of its axis
(obliquity and precession).
Earth’s orbital (Milankovitch) cycles: the three orbital cycles of eccentricity, obliquity and preces-
sion, which together determine changes in seasonal, latitudinal and global insolation received at
the top of the atmosphere; these cycles are also termed Milankovitch cycles after the Serbian
astrophyisicist Milutin Milankovitch.
Eccentricity: Eccentricity is the measure of the degree of elongation or ellipticity of the Earth’s orbit,
which varies between nearly zero (circular orbit) and 0.06 (slightly elliptical) and has main peri-
ods of ~ 100 and ~ 400 kyr.
Equinoxes (Latin: equal night): the times of the year (around March 21 and September 21) when the
Sun passes directly above the equator and is located perpendicular to it. During an equinox, day
and night have equal duration everywhere on Earth.
Obliquity: Obliquity describes the angle between the Earth’s axis of rotation and the orbital plane
and varies between 22° and 25° with a main period around 41 kyr (present-day value).
Perihelion: point on the Earth’s (but also a planet’s or comet’s) orbit closest to the Sun.
Precession: Axial or astronomical precession is the slow movement of the rotation axis around a
circular path with one revolution relative to the stars completed every 26,000 years. Due to the
opposite movement of the eccentric orbit itself, the precession of the equinoxes relative to peri-
helion and aphelion – also called climatic precession – completes one full cycle with main periods
around 19 and 23 kyr (present-day values).
Solstices: the summer (winter) solstice is the moment when the Earth is at a point on its orbit where
a hemisphere is most inclined towards (away) from the Sun, in other words, those moments of
the year when the Sun reaches its southernmost or northernmost position, at the tropics.
Geology
Astrocycle: unequivocal term that exclusively designates orbital-induced sedimentary or geochemi-
cal cycles.
Astronomical Time Scale (ATS): Geological time scale with absolute ages based on the tuning of sed-
imentary cycles and other cyclic variations to astronomical target curves.
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Astronomical Polarity Time Scale (APTS): Polarity Time Scale with ages based on the astronomical
tuning of cyclic sections having a magnetostratigraphy. For the younger part of the time scale the
magnetostratigraphy should be calibrated to the reversal pattern observed in seafloor anomaly
profiles.
Astronomical (orbital) tuning: the correlation, or tuning, of sedimentary cycles or other cyclic
variations in climate proxy records to astronomical target curves of eccentricity, precession and
obliquity or derived insolation time series; in principle the tuning provides accurate numerical
ages for astrocycles and associated bio-events and magnetic reversals.
Climate proxy: parameter or index measured to estimate the value of a true climatic parameter such
as sea-surface temperature (SST) in the past. As such it does not directly measure SST itself but
provides a good approximation. Proxy indicators should preferably be calibrated against mod-
ern instrumental data to produce a good quantitative estimate of past climate.
Cyclostratigraphy: Subdiscipline of stratigraphy that deals with the identification, characterization,
correlation, and interpretation of cyclic (periodic or quasi-periodic) variations in the strati-
graphic record and, in particular, with their application in geochronology by improving the accu-
racy and resolution of time-stratigraphic frameworks.
Cyclothem: Term originally applied to a distinctive series of beds deposited during a single sedi-
mentary cycle of the type that prevailed during Pennsylvanian time, later determined to be of
glacial-eustatic origin. Most readily recognized cyclothems are marine units separated by terres-
trial deposits or exposure surfaces. Thus the term is best applied to the shelf manifestation of a
transgressive-regressive unit (or stratigraphic sequence) that resulted from glacial eustasy. With
more detailed study a cyclothem can be traced into both basinal marine and terrestrial settings.
Floating Astronomical Time Scale: relative astronomical time scale based on the identification and
number of astrocycles. The number of cycles is used to determine the duration, not the age, of
an interval such as a polarity zone, a biozone or a stage. A floating time scale can be linked to a
radiometric age determination for numerical calibration.
Milankovitch frequency band: The frequency range corresponding to the main periods of the Earth’s
orbital cycles and ranging from ~ 15 to ~ 400 kyr.
Sub-Milankovitch frequency band: The frequency range having higher frequencies than the Milan-
kovitch cycles but still within the millennial range. The range corresponds to periods between
~ 1 and ~ 15 kyr.
Sapropel: dark-coloured, commonly laminated sediment rich in organic material deposited under
suboxic or anoxic conditions.
Statistics
Bandpass filter: A filter that passes one band of frequencies and rejects both higher and lower fre-
quencies. The filter is characterized by a centre frequency and by two cut-off frequencies, which
determine the bandwidth of the filter. The filtered frequency signal can be represented in the time
domain via inverse techniques and shown as an overlay on the initial time series to reveal at what
time the spectral component (or cycle) is present in the time series.
Cross-spectral analysis: Cross-spectral analysis calculates 1) the power spectra of two time series, 
2) the coherency spectrum showing the coherence between frequency components in the two
time series having the same frequency, and 3) the phase spectrum showing the phase relation
between components with the same frequency. Used to calculate lags and leads between differ-
ent components of the climate system.
Fourier (Spectral) analysis: statistical method of decomposing a time series in the time domain into
individual frequency components (sinusoids) and represent them in the frequency domain in the
form of a spectrum by means of a Fourier Transform. Spectral analysis not only computes the
frequency spectrum and the power of the spectral peaks but also determines phase. The latter is
used in cross-spectral analysis.
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Spectrum and spectral peaks: graphic representation of a time series in the frequency domain with
spectral power on the y-axis and frequency on the x-axis. Individual frequency components that
are present in the time series show up as (spectral) peaks, which can be tested for significance.
Wavelet analysis: uses wavelets to decompose a time series into different frequency components, but
each component is analysed with a resolution (“window”) matched to its scale. The informa-
tion is presented in the time and frequency domain at the same time, namely as a time-frequency
representation of the signal.
Windowed Fourier analysis: uses a sliding window along a time series to calculate the spectrum after
each time step. Successive spectra can be plotted in temporal order as a moving (evolutive) spec-
trum with time on the z-axis. The effect of the window is to localize the frequency components
in time but, in contrast to wavelet analysis, the width of the time-frequency window is fixed.
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